Introduction {#s1}
============

Heavy alcohol exposure is common among adolescents. Nearly one-quarter of American 12th grade students report consuming more than 5 drinks in a row at least once in the preceding 2 weeks ([@CIT0023]). Adolescence is a time of extensive neurodevelopment, with continuing maturation throughout the brain, including frontal cortical regions that mediate higher order cognitive and executive functions, impulsivity, and risky behavior ([@CIT0018]; [@CIT0015]; [@CIT0011]; [@CIT0044]; [@CIT0022]). Heavy alcohol exposure during adolescence may damage the developing brain and alter the assessment of risks and rewards, leading to increased impulsivity ([@CIT0048]) and risky decision making ([@CIT0019]; [@CIT0009]; [@CIT0049]; [@CIT0020]). Although such studies demonstrate a link between risky decision making and early alcohol use, they cannot determine causality. That is, a tendency toward risky decision making may predate or predispose an individual to heavy alcohol use during adolescence. Alternatively, excessive risky decision making may result from neuroadaptations engendered by adolescent alcohol exposure.

Risk-based decision making can be assessed in rodents using the probability discounting task ([@CIT0010]; [@CIT0040]). In this discrete-trial choice procedure, rats choose between a small reward (a single food pellet) delivered with perfect certainty (ie, safe reward or choice) and a large reward (4 food pellets) that is increasingly less likely to be delivered as the session progresses (risky choice). Continued preference for the large reward when it is unlikely (risky choice) is maladaptive and irrational and results in fewer food pellets overall.

Limited work has investigated the effects of adolescent ethanol exposure on risky choice in adulthood in rodents. In a variant of the probability discounting task, adult rats given continuous unlimited access to ethanol-containing sweetened gelatin during adolescence exhibited increased preference for the large risky reward compared with control rats ([@CIT0029]). However, the reported greater preference for the large risky reward may not necessarily indicate increased risky choice. In this study, the rate that preference for the large risky reward changed as a function of its probability was similar in control and ethanol-exposed rats. That is, adolescent ethanol-exposed rats were biased to the large reward at all probabilities, whereas control rats were biased to the small reward at all large reward probabilities.

The present study investigated the long-term effects of adolescent intermittent ethanol (AIE) exposure on risky choice using the probability discounting task. Rats were exposed to AIE throughout adolescence (postnatal day \[PND\] 28--53). AIE exposures similar or identical to those used in the present study have had long-term effects on ethanol self-administration ([@CIT0001]), brain pathology ([@CIT0047]), impulsivity ([@CIT0025]), and brain reward function ([@CIT0007]) in adulthood. Risky choice was assessed in adulthood under baseline conditions with both ascending and descending probability series to eliminate the potential effects of perseverative responding. Risky choice was also assessed in response to ethanol challenges.

Multiple neurotransmitter systems are involved in risky choice in the probability discounting task. Hyperactive dopaminergic activity in prefrontal brain areas and the nucleus accumbens accompanies increased risky choice ([@CIT0010]; [@CIT0016]; [@CIT0040]; [@CIT0035]), and dopaminergic neurotransmission is altered after adolescent ethanol exposure ([@CIT0004]; [@CIT0031]; [@CIT0033]). Additionally, systemic manipulations that decrease cholinergic receptor activation increase risky choice ([@CIT0027]; [@CIT0036]), while decreased cholinergic cell density has been reported in the basal forebrain after adolescent ethanol exposure ([@CIT0012]; [@CIT0014]). Thus, in the present study, immunohistochemical analyses were performed to assess alterations in prefrontal dopaminergic and cholinergic neurons in the basal forebrain. These neuronal markers were correlated with risky choice.

Methods {#s2}
=======

Subjects {#s3}
--------

Timed-pregnant female Wistar rats (Charles River, Raleigh, NC) arrived in the vivarium on gestational day 13. Male pups were weaned on PND 21 and pair-housed in a humidity- and temperature-controlled vivarium on a 12-h/12-h reverse light/dark cycle. During behavioral training, the rats were food restricted and received 20g of rat chow per day approximately 1 hour after behavioral testing in addition to the food pellet rewards obtained during behavioral testing. All of the procedures were conducted in accordance with the guidelines of the American Association for the Accreditation of Laboratory Animal Care and the National Research Council's Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee. A timeline of the experimental events, including AIE exposure, behavioral testing, and brain sample collection, is presented in [Figure 1](#F1){ref-type="fig"}.

![Timeline of experimental design showing the sequence of adolescent intermittent ethanol (AIE) exposure, training and testing in the probability discounting task, and brain sample collection across the lifespan of the rats. See text for details.](ijnppy_pyu003_f0001){#F1}

AIE Exposure {#s4}
------------

To ensure ethanol exposure during developmentally sensitive periods, rats were exposed to AIE throughout the adolescent period (PND 28--53), which has been broadly defined to start on PND 28 ([@CIT0039]) and extend up to PND 60 in rats ([@CIT0008]). Adolescent rats were administered 5g/kg of 25% (vol/vol) ethanol or an equivalent volume of water intragastrically via oral gavage 3 times/d at 8 [am]{.smallcaps}, 12 [pm]{.smallcaps}, and 4 [pm]{.smallcaps} in a 2-days--on/2-days--off pattern. In our previous work, this AIE exposure produced long-term effects on behavior in adulthood, including increased ethanol-induced reward enhancement and diminished reward deficits during ethanol withdrawal ([@CIT0007]) and increased impulsive choice during ethanol challenges ([@CIT0025]). The rats were observed for behavioral intoxication signs before each ethanol administration. The doses were adjusted to maintain a high level of intoxication while avoiding administration of a lethal dose, as previously described ([@CIT0024]; [@CIT0028]; [@CIT0007]; see details in supplementary Materials). Blood samples (200 μL) were taken from the tip of the tail for the analysis of blood ethanol concentrations (BECs) 60 to 90 minutes after the final ethanol administration on the second binge day of binge days 2 (PND 33), 4 (PND 41), and 7 (PND 55). Blood samples were immediately centrifuged at 1500rpm for 15 minutes. Plasma was then extracted and stored at −80°C until further analysis. Plasma samples (5 μL) were analyzed using an Analox AM 1 analyzer (Analox Instruments LTD, Lunenberg, MA). This AIE exposure resulted in high mean BECs (291±21, 387±19, and 460±23mg/dL on binge days 2, 4, and 7, respectively; see supplementary Materials for details). The higher BECs after later binges may reflect changes in body weight and composition (ie, increased body fat) that occurred throughout maturation and may suggest changing ethanol metabolism throughout adolescence.

Apparatus {#s5}
---------

Testing was conducted in 12 identical standard 9-hole operant chambers (25.5×28.4×28.7cm) enclosed in sound-attenuating boxes (Med Associates, St. Albans, VT). Each chamber was equipped with a ventilator fan to provide air circulation and ambient low-level noise. The rear wall of each chamber was curved with 9 nosepoke holes. Every other response aperture was blocked, and only the center and 2 far-side nosepoke holes were operative. A photocell beam within each hole detected nosepoke responses. A magazine was connected to a food dispenser located on the opposite wall. All of the experimental events were recorded by an adjacent computer that ran Med-PC software.

Behavioral Procedures {#s6}
---------------------

Training in the probability discounting task consisted of several stages and was based on the procedure described by [@CIT0010]. Response training procedures are described in the supplementary Methods. Training commenced 10 days after the final ethanol/water administration to ensure that the signs of early ethanol withdrawal completely dissipated and animals had reached adulthood (PND 60).

### Probability discounting (descending series) {#s7}

Each session began in the intertrial interval (ITI) state with all cue lights and houselight turned off. After this 40-second ITI, the center nosepoke hole was illuminated. Failure to respond within 10 seconds (a response omission) initiated a 40-second ITI and restarted the same trial. Responses during the ITI were also recorded but had no scheduled consequences. A nosepoke response within 10 seconds turned off the cue light in the central nosepoke aperture and illuminated either one (forced trials) or both (choice trials) side nosepoke alternatives. One side was designated the large risky reward, and the other was designated the small safe reward alternative. Left and right nosepoke apertures were counterbalanced across rats and remained unchanged throughout the experiment.

Each session consisted of 5 blocks that differed in the probability that the large reward (4 pellets) would be delivered. The large reward probabilities were 1.0, 0.5, 0.25, 0.125, and 0.0625 across successive blocks within a session. The small reward (1 food pellet) probability was always 1.0. Sixteen forced trials were conducted at the beginning of each block. During the forced trials, only 1 side aperture was illuminated after a central nosepoke response. Of the 16 forced trials, 8 included presentations of the large risky alternative, and 8 included presentations of the small safe alternative, presented pseudorandomly with no more than 2 presentations of the same alternative occurring in a row. The 16 forced trials were followed by 10 choice trials in which the rats were presented with both side alternatives, and a response to either of these resulted in the consequence specific to that alternative, either one food pellet with 100% certainty or 4 food pellets according to the probability that was active in that block.

Each session lasted until all of the trials were completed (130 trials) or 180 minutes elapsed, whichever occurred first. The sessions could extend beyond 130 trials, because a response omission at either the orienting response or choice phase restarted that trial and did not advance the session. The rats were tested in the probability discounting descending probability series 5d/wk until preference in all free choice blocks was stable (\<10% variability in the proportion of large reward selections across the last 5 consecutive sessions). In total, 36 sessions were required for choice in all blocks to reach stability in the descending probabilities series.

### Ethanol challenges {#s8}

The rats were tested in the descending probability series after tap water or ethanol administration (1, 2, and 3g/kg of 25% vol/vol ethanol administered via oral gavage 5 minutes before testing) according to a within-subjects Latin-square experimental design. After testing in the probability discounting procedure, tail-tip blood was taken to analyze BECs 180 minutes post ethanol. The ethanol challenge sessions were conducted once per week, with testing continuing in an ethanol-free state in sessions between each ethanol challenge.

### Probability discounting (ascending series) {#s9}

The rats began testing in the ascending probability series 1 week after completing the ethanol challenges to ensure that the effects of ethanol challenges were dissipated. The probability of large reward delivery increased across trial blocks according to the sequence 0.0625, 0.125, 0.25, 0.5, and 1.0. For each rat, the side position of the large risky and small certain reward alternatives remained unchanged from the descending probability series. In total, 30 sessions were required for preference in all blocks to reach stability in the ascending series.

Perfusion, Brain Tissue Preparation, Immunohistochemistry, and Quantification {#s10}
-----------------------------------------------------------------------------

After completing the experiments, the rats were left undisturbed for 1 week to ensure measurement of the long-term effects of AIE exposure on brain neurochemistry without potential confounds of continuous behavioral testing on the brain. All of the rats were humanely euthanized between PND 214 and PND 217. The rats were first anesthetized with sodium pentobarbital (100mg/kg, intraperitoneal). When nonresponsive, the rat was transcardially perfused first with ice-cold phosphate-buffered saline (pH 7.4) and then with ice-cold 4% paraformaldehyde in phosphate-buffered saline. The brains were post fixed in 4% paraformaldehyde for 24 hours at 4°C as previously described ([@CIT0014]). The brains were sliced coronally on a vibratome into 40-µm thick sections after cryoprotection with 30% sucrose. Every 12th section was used for each of the following antigens. For choline acetyltransferase (ChAT) staining, free-floating sections were incubated in mouse anti-ChAT monoclonal antibody (1:200; MAB 305, Millipore, Temecula, CA) for 2 hours at room temperature and then for 16 hours at 4°C. For TH staining, the sections were incubated in rabbit anti-TH polyclonal antibody (1:500; AB152, Millipore) overnight at 4°C. On the second day, the sections were incubated with biotinylated horse anti-mouse (ChAT) or goat anti-rabbit (TH) secondary antibody (1:200; Vector Laboratories, Burlingame, CA) for 1 hour at room temperature. Subsequently, avidin-biotin complex (Vector ABC kit, Vector Laboratories) was applied for 1 hour at room temperature, and ChAT- and TH-positive cells were visualized using nickel-enhanced diaminobenzidine reaction. The number of positive neurons was quantified using a modified stereological procedure for labeled cells within a specified region of interest ([@CIT0013]). Bioquant Nova Advanced Image Analysis (R&M Biometric, Nashville, TN) was used for image capture and analysis. The images were captured using an Olympus BX50 Microscope and Sony DXC-390 video camera linked to a computer. For ChAT+ immunoreactivity (IR), ChAT-positive neurons were counted within the region of interest and are expressed as the number of cells per square millimeter. Ch1 and Ch2 are contained in the medial septal nucleus and the nucleus of the vertical limb of the diagonal band, respectively. Ch3 is mostly in the lateral portion of the horizontal limb nucleus of the diagonal band, and Ch4 is in the nucleus basalis and parts of diagonal band nuclei. For the Ch1 and Ch2 sectors, the coronal sections were 0.70 to 0.20mm from bregma. For the Ch3 and Ch4 sectors, the coronal sections were from 0.70 to −0.40mm (Figure S1). For TH+ IR, the prelimbic and infralimbic cortices (from 3.20 to 2.20mm from bregma) were outlined using anatomical markers, and the pixel density was measured from the outlined area ([Figure S2](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyu003/-/DC1)). Both the left and right hemispheres of an individual brain subregion from each animal were counted, and the average value was used ([Figures S1](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyu003/-/DC1) and [S2](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyu003/-/DC1)).

Statistical Analyses {#s11}
--------------------

For the preference data, the risky response probability in the free-choice trials was calculated as the following in each block: responses to risky alternative / (responses to risky alternative + responses to safe alternative). The 5-day means in each block for each rat were calculated under descending and ascending probability conditions. The win-stay/lose-shift response ratios were also calculated (supplementary Materials). One-sample *t* tests were used to compare the large reward probabilities obtained by each subject in each block with the arranged large reward probabilities. Additionally, the Pearson correlation coefficient was calculated to determine whether decision making in a block of choice trials correlated with the number of large rewards obtained in the preceding forced trials.

All of the group data were subjected to univariate analysis of variance (ANOVA) using SPSS 18 (SPSS, Chicago, IL). The level of significance was set to 0.05. Significant main and interaction effects were followed by simple-effects ANOVAs and *t* tests using a Šidák adjustment for multiple comparisons. For repeated-measures analyses, Mauchly's test of sphericity of the covariance matrix was applied. When the sphericity assumption was violated, the degrees of freedom for any term that involved that factor were adjusted to more conservative values by applying the Huynh-Feldt correction. We report the uncorrected degrees of freedom.

For the immunohistochemical data, the levels of TH and ChAT in AIE-exposed and control rats were compared using between-subject *t* tests. To further explore the relationship between risky choice and markers of neural functioning, the Pearson correlation between the area under the curve (AUC) of the discounting function in the descending probability series and measures of TH and ChAT were computed. We used the AUC as a composite of preference across blocks instead of preference in any or all of the individual blocks to avoid an inflated Type I error rate and minimize the number of correlations. This approach resulted in the computation of 3 correlations: AUC and TH; AUC and ChAT 1,2; and AUC and ChAT 3,4. The AUC was calculated by summing the areas of each successive trapezoid created by interpolating a straight line from each data point on the probability discounting function to the origin of the graph.

Results {#s12}
=======

The ANOVAs of behavioral intoxication scores and BECs during AIE exposure are reported in the supplementary Results. To reach stable preference levels, control and AIE-exposed rats required 38.93±0.42 and 36.92±0.49 sessions, respectively, in the descending series and 25.33±0.99 sessions (control rats) and 24.54±1.21 sessions (AIE-exposed rats) in the ascending series, with no significant differences between the groups.

Probability discounting in descending and ascending probability conditions {#s13}
--------------------------------------------------------------------------

In the forced trials for both AIE-exposed and control rats, the obtained reward probabilities did not differ from the arranged reward probabilities in any block (1.0, 0.5, 0.25, 0.125, and 0.0625) in either the descending or the ascending probability series (all *P*\>.1). No correlation was found between the number of large rewards obtained in each block of forced trials and large reward choice in the subsequent block of choice trials (all Pearson correlation coefficients \<0.20, all *P*\>.05) indicating that, within each block, there was no effect of the number of large rewards obtained during the forced trials on choice performance in the subsequent choice trials.

In the choice trials, all of the rats, independent of AIE or water exposure, showed near-exclusive preference for the large reward when there was a high probability (1.0 or 0.5) that the large reward would be delivered. When the risky reward probability decreased throughout the session ([Figure 2A](#F2){ref-type="fig"}), the ANOVAs indicated significant main effects of session block (*F* ~4,108~=93.44, *P*\<.001) and AIE exposure (*F* ~1,27~=6.31, *P*\<.05) and a significant session block × AIE exposure interaction (*F* ~4,108~=5.78, *P*\<.01). As the large reward became less likely, control rats showed decreasing preference for the large reward. This pattern of results was less prevalent in AIE-exposed rats. The post hoc tests revealed that AIE-exposed rats showed significantly greater preference for the risky reward when the probability that the reward would be delivered was 0.25 (Block 3) and 0.0625 (Block 5) compared with controls. Identical results were obtained when the large reward probability increased throughout the session ([Figure 2B](#F2){ref-type="fig"}). In the ascending probability series, the ANOVA revealed significant main effects of session block (*F* ~4,104~=69.80, *P*\<.001) and AIE exposure (*F* ~1,26~=5.28, *P*\<.05) and a significant session block × AIE exposure interaction (*F* ~4,104~=3.92, *P*\<.05). The post hoc tests revealed that AIE-exposed rats showed a significantly (*P*\<.05) greater preference for the risky reward when the reward was delivered with low probability (0.125 in Block 2 and 0.0625 in Block 1) compared with controls ([Figure 2B](#F2){ref-type="fig"}). These findings suggest that AIE increased risky choices into adulthood long after the last exposure to ethanol.

![Risky response probability as a function of risky reward probability across blocks of trials in the descending (A) and ascending (B) probability conditions. The data are expressed as the mean ± SEM of the last 5 baseline sessions in each condition.](ijnppy_pyu003_f0002){#F2}

Responding during the ITI did not differ between AIE-exposed and control rats during either descending or ascending series (see supplementary Results). Win-stay and lose-shift response strategies also did not differ between AIE-exposed and control rats (see supplementary Results).

Ethanol challenges {#s14}
------------------

To investigate how ethanol affected adult responses, acute ethanol challenges were conducted. No effect of ethanol challenges on risky choice was found in either control ([Figure 3A](#F3){ref-type="fig"}) or AIE-exposed ([Figure 3B](#F3){ref-type="fig"}) rats. The ANOVA revealed a significant main effect of session block (*F* ~4,80~=66.59, *P*\<.001) and a significant session block × AIE interaction (*F* ~4,80~=2.86, *P*\<.05) but no effect of ethanol dose, indicating that the group differences apparent in the baseline data ([Figure 2A](#F2){ref-type="fig"}) were maintained with no effect of acute ethanol administration on probability discounting. Ethanol impaired performance on this task, independent of AIE exposure, reflected by a significant main effect of ethanol dose on response omissions (*F* ~3,78~=8.68, *P*\<.001; data not shown) but no effect of AIE exposure or interactions. The post hoc tests revealed more response omissions after the highest ethanol dose of 3g/kg (43±7 omissions) compared with 1g/kg (22±6 omissions) and vehicle (16±5 omissions) in all rats. Control rats had higher BECs than AIE-exposed rats after 3g/kg ethanol only (see supplementary Materials for detailed analyses). Thus, acute ethanol challenge at any of the doses did not alter risky choice in either control rats or AIE-treated rats. Furthermore, the AIE-induced increase in risky choice was maintained in adults during acute ethanol challenges.

![Risky response probability as a function of risky reward probability across blocks of trials after acute ethanol administration (g/kg via oral gavage) for control (A) and adolescent intermittent ethanol (AIE)-exposed (B) rats. The data are expressed as group means ± SEM.](ijnppy_pyu003_f0003){#F3}

Immunohistochemistry {#s15}
--------------------

To investigate changes in brain chemistry after AIE, markers of acetylcholine (ie, ChAT+ IR), dopamine, and norepinephrine (ie, TH+ IR) were determined. Some samples were lost during brain dissection and neurochemical analyses, resulting in the following sample sizes for each region included in the analyses: ChAT+ IR in cholinergic nuclei Ch1,2: control, *n*=10; AIE, *n*=12; ChAT+ IR in cholinergic nuclei Ch3,4: control, *n*=9, AIE; *n*=12; TH+ IR in the prelimbic cortex: control, *n*=13; AIE, *n*=14; TH+ IR in the infralimbic cortex: control, *n*=13; AIE, *n*=15.

AIE-exposed rats exhibited significantly lower levels of ChAT+ IR in cholinergic nuclei Ch1,2 (medial septal nucleus and nucleus of the vertical limb of the diagonal band, respectively; *t* ~*20*~=2.39, *P*\<.05) and Ch3,4 (lateral portion of the horizontal limb nucleus of the diagonal band and nucleus basalis and parts of diagonal band nuclei, respectively; *t* ~*19*~=2.51, *P*\<.05) of the basal forebrain ([Figure 4](#F4){ref-type="fig"}). AIE-exposed rats also showed significantly lower levels of TH+ IR in the prelimbic cortex (*t* ~*26*~=4.41, *P*\<.05) but not in the infralimbic cortex ([Figure 5](#F5){ref-type="fig"}). These findings demonstrate the long-term effects of AIE exposure on key neurotransmitters involved in risky choice.

![Choline acetyltransferase-positive immunoreactivity (ChAT+IR) in the forebrain is decreased in adult rats after adolescent intermittent ethanol (AIE) exposure. ChAT is the synthetic enzyme for acetylcholine and marks cholinergic neurons. Left, Quantification of ChAT+ IR cell density. Right, Representative photomicrograph of ChAT+ IR neurons in Ch1-Ch2 nuclei from adult control and AIE-exposed rats (Ch1-Ch2 from 0.70 to 0.20mm from bregma; Ch3-Ch4 from 0.7 to 0.30mm from bregma; [@CIT0032]). Scale bar=100 μm. \**P*\<.05 (Student's *t* test). Control rats, *n*=9 to 10; AIE-exposed rats, *n*=12.](ijnppy_pyu003_f0004){#F4}

![Left, Pixel density of tyrosine hydroxylase (TH)-positive immunoreactivity (IR) is significantly decreased in the prelimbic but not infralimbic cortex after adolescent intermittent ethanol (AIE) exposure. Right, Representative photomicrograph of TH-positive IR neurons in the prelimbic cortex in adult control and AIE-exposed rats (from 3.2 to 2.2mm from bregma; [@CIT0032]). Scale bar=50 µm. \**P*\<.05 (Student's *t* test). Control rats, *n*=13; AIE-exposed rats, *n*=14--15).](ijnppy_pyu003_f0005){#F5}

To investigate possible associations between the neurochemical alterations and probability discounting, correlational analyses were performed between histochemical staining and risky choice. For each individual rat, ChAT+ IR and TH+ IR levels were correlated with the AUC of the discounting functions generated during the descending probability series ([Figure 2A](#F2){ref-type="fig"}). A significant correlation was found between AUC and Ch1,2 (*r* ~*20*~=−0.499, *P*\<.05) ([Figure 6A](#F6){ref-type="fig"}), and a nearly significant correlation was found between the AUC and Ch3,4 (*r* ~*19*~=−0.433, *P*=.05) ([Figure 6B](#F6){ref-type="fig"}), suggesting that the loss of Chat+ IR may contribute to increased risky decision making. The correlations between the AUC and TH+ IR in the prelimbic cortex (*r* ~*27*~=−0.024, *P*=.91) and infralimbic cortex (*r* ~*26*~=−0.17, *P*=.41) were not significant (data not shown).

![Correlations between choline acetyltransferase (ChAT) immunoreactivity cell counts and area under the curve (AUC) of the probability discounting function in the Ch1 and Ch2 nuclei (medial septal nucleus and nucleus of the vertical limb of the diagonal band) (A) and Ch3 and Ch4 nuclei (lateral portion of the horizontal limb nucleus of the diagonal band, nucleus basalis, and parts of diagonal band nuclei) (B) of the basal forebrain. The correlation between ChAT+ IR in the Ch1 and Ch2 nuclei and AUC (left) was significant (*p*\<0.05), and the correlation between ChAT+ IR in the Ch3 and Ch4 nuclei (right) was nearly significant (*p*=0.05; see text for details).](ijnppy_pyu003_f0006){#F6}

Discussion {#s16}
==========

The results of the present study demonstrate that AIE exposure had long-term effects on risky decision making and brain neurochemistry. In the probability discounting task, adult rats with a history of AIE exposure showed increased risky choice compared with controls. Increased risky choice was observed in both the descending probability series, when the large reward probability decreased throughout the session, and the ascending probability series, when the large reward probability increased throughout the session. Additionally, compared with controls, AIE-exposed rats had decreased levels of TH+ IR in the prelimbic cortex and decreased levels of ChAT+ IR in the basal forebrain. Moreover, the area under the discounting curve was negatively correlated with ChAT+ IR in the basal forebrain, suggesting that the loss of ChAT+ IR may contribute to increased risky decision making.

The increased risky choice after AIE exposure that was first observed when the large reward probability decreased within each session (descending probability series) may indicate that AIE-exposed rats were risk-prone relative to control rats. During task acquisition, AIE-exposed and control rats required an equal number of sessions to reach criterion performance in both the ascending and descending series, eliminating a general learning deficit as a cause of the increased preference for the large risky reward in AIE-exposed rats. The increased risky choice may indicate that AIE-exposed rats were exhibiting a perseverative behavioral profile and were incapable of switching preference to the small safe reward when the large reward became unlikely within the same session. Previous studies demonstrated that intermittent ethanol exposure during adolescence ([@CIT0012]; [@CIT0047]) or adulthood ([@CIT0005]) had no effect on task acquisition but resulted in reversal learning deficits in both spatial and food-motivated tasks. However, the increase in risky choice observed after AIE exposure in the present study cannot be attributed to deficits in reversal learning or behavioral inflexibility, because AIE-induced increases in risky choice were observed in both the descending and ascending probability series of trials. The ascending probabilities series demonstrates that the AIE-exposed rats were capable of changing preference for the large reward and showed no deficits in reversal learning or cognitive flexibility in the probability discounting task. In contrast, chronic intermittent ethanol exposure during adulthood resulted in performance deficits in an operant set-shifting task that specifically assesses reversal learning and behavioral flexibility ([@CIT0046]). These findings suggest that the effects of AIE exposure on reversal learning and cognitive flexibility may be revealed in specific behavioral tasks.

There are a few limitations in the present work. The present study cannot determine whether the increased preference for the large risky reward was due to deficits in decision making, deficits in the assessment of low reward probabilities, or some combination of the two. In addition, it is not clear whether AIE-induced increases in risky choice are age specific, because, to our knowledge, the effects of intermittent binge ethanol exposure during adulthood on risky decision making have not been investigated.

Our findings of increased risky choice in adulthood after experimenter-administered ethanol during adolescence extend earlier findings by [@CIT0029], [@CIT0030]) showing that access to ethanol-containing gelatin during adolescence increased risky choice in adulthood in a similar probability discounting task. Both the earlier work and present study showed increased risky choice after adolescent ethanol exposure. However, there are differences between the present study and previously published work, which, although small, have important implications for interpretation of the data. Specifically, in the present study, both control and AIE-exposed rats showed near-exclusive preference for the large reward when there was a high probability that it would be delivered, and differences only emerged when the large reward became unlikely. In contrast, in the previous work ([@CIT0029], [@CIT0030]), control rats were consistently risk averse (ie, always preferring the small certain reward even when it had a lower overall expected payoff), whereas adolescent ethanol-exposed rats were consistently risk prone (ie, always preferring the large risky reward even when it had the lower overall expected payoff). The degree to which preference changed as the large reward probability changed was similar in control and adolescent ethanol-exposed rats in the earlier studies ([@CIT0029], [@CIT0030]). This pattern of results suggests that the rates of probability discounting were similar across the 2 groups, although bias to the large reward may have differed. In contrast, our findings showed group differences only when the large reward was unlikely, providing strong evidence that AIE exposure alters the rate of probability discounting without altering bias for the larger reward. Considering that the large reward probability changed throughout the session in the present study while the large reward probability varied across sessions in the earlier studies ([@CIT0029], [@CIT0030]), the discrepancies in findings may be attributed to methodological differences between studies.

Whereas intermittent ethanol exposure throughout adolescence increased risky choice in adulthood, acute ethanol challenges during adulthood had no effect on risky choice. Regardless of AIE exposure, risky choice in adult rats was unaltered by acute ethanol challenges. Similar to our findings, no effect of acute ethanol on risky choice has been reported in rats without a history of previous ethanol exposure ([@CIT0027]) or in healthy humans ([@CIT0034]; [@CIT0006]). Interestingly, in the delay discounting task that assesses impulsive choice, there was no effect of ethanol exposure either during adolescence or adulthood on baseline impulsive choice, whereas acute ethanol challenges increased impulsive choice in adolescent-exposed rats ([@CIT0025]). These opposing results suggest that impulsive choice and risky choice may be mediated by different neurobiological mechanisms.

The present work investigated several markers to determine neurochemical differences that may have contributed to the increased risky choice in AIE-exposed rats. Adult AIE-exposed rats (PND 215) had reduced levels of ChAT+ IR, a marker of cholinergic neurons, in the basal forebrain, including the medial septal nucleus, vertical limb nucleus, and lateral portion of the horizontal limb nucleus of the diagonal band, and nucleus basalis. Similarly, reduced ChAT+ IR has been reported in young adult rats (PND 72) exposed to ethanol vapor during adolescence ([@CIT0014]) and young adult mice (PND 88) exposed to intragastric ethanol during adolescence ([@CIT0012]). Altogether, these findings indicate long-term decreases in cholinergic function after AIE exposure that is independent of the route of ethanol administration during adolescence (intragastric vs vapor) or species (rats vs mice).

The basal forebrain, through widespread projections to the cerebral cortex, may be involved in learning and memory, executive function, and impulsivity ([@CIT0037]). In adult rats, reduced basal forebrain cholinergic neuronal density after prolonged ethanol exposure has been associated with cognitive and behavioral deficits ([@CIT0002], [@CIT0003]; [@CIT0021]; [@CIT0017]; [@CIT0038]). In the present study, AIE-induced decreases in ChAT levels were correlated with increased risky choice, suggesting that the basal forebrain may be involved in the regulation of risky decision making. Similar to our findings, decreased ChAT+ IR after AIE exposure was associated with reversal learning deficits in mice ([@CIT0012]) and behavioral disinhibition in rats ([@CIT0014]). Interestingly, behavioral disinhibition is characteristic of human and rodent adolescence and has been suggested to contribute to the increased risky behavior seen during adolescence ([@CIT0044], [@CIT0045]). Pharmacological studies showing decreased risky choice after activation of cholinergic receptors with nicotine further support a role for cholinergic neurotransmission in risky decision making ([@CIT0027]; [@CIT0036]; but see [@CIT0026]).

Findings indicate that dopamine transmission in prefrontal cortical areas, including the infralimbic and prelimbic cortices, may be involved in decision making in the probability discounting task ([@CIT0040]; [@CIT0041]). In the present study, AIE-exposed rats had reduced levels of TH+ IR in the prelimbic but not infralimbic cortex compared with control rats. Decreased TH+ IR in the prelimbic cortex in AIE-exposed rats may suggest decreased dopamine or norepinephrine transmission. However, TH levels in either the prelimbic or infralimbic cortex did not correlate with increased risky choice. Previous research in the probability discounting task found that reversible inactivation of the prelimbic medial frontal cortex caused preference for the large reward to remain unchanged even as the large reward probability decreased in both ascending and descending probability conditions, implicating the prelimbic cortex in the reappraisal of changing reward probabilities ([@CIT0041]). Studies with central administration of receptor-specific dopamine agonists or antagonists into the medial prefrontal cortex showed that changes in preference for the large reward depend on dopamine receptor subtype, suggesting a complex mechanism for the effects of prefrontal dopamine on performance in the probability discounting task ([@CIT0043]).

In summary, our findings provided strong evidence that exposure to intermittent ethanol binges throughout adolescence led to increased risky decision making in adulthood. Immunohistochemical analyses demonstrated the long-term effects of AIE exposure on the brain. Specifically, decreased TH+ IR in the prelimbic cortex and decreased ChAT+ IR in the basal forebrain were observed in adult AIE-exposed rats. Decreased ChAT levels were negatively correlated with increased risky choice, implicating decreased cholinergic function in risky decision making. These results suggest that binge-like ethanol exposure during adolescence may interfere with the development of dopaminergic and cholinergic neurotransmission in ways that lead to persistent deficits in risky behavior, creating a risk proneness in adulthood that resembles adolescent-typical behavioral tendencies ([@CIT0044], [@CIT0045]; [@CIT0050]). Such a prolongation of adolescent-typical risk proneness may extend the period of heightened vulnerability to the negative consequences likely to follow risky behaviors ([@CIT0011]).
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